Two speci®c inhibitors of cyclin-dependent kinase 2 (Cdk2), roscovitine and olomoucine, have been shown recently to induce nuclear accumulation of wt p53 and nucleolar unravelling in interphase human untransformed IMR-90 and breast tumor-derived MCF-7 cells. Here, we show that the early response of MCF-7 cells to roscovitine is fully reversible since a rapid restoration of nucleolar organization followed by an induction of p21
Two speci®c inhibitors of cyclin-dependent kinase 2 (Cdk2), roscovitine and olomoucine, have been shown recently to induce nuclear accumulation of wt p53 and nucleolar unravelling in interphase human untransformed IMR-90 and breast tumor-derived MCF-7 cells. Here, we show that the early response of MCF-7 cells to roscovitine is fully reversible since a rapid restoration of nucleolar organization followed by an induction of p21
, a downregulation of nuclear wt p53 and normal cell cycle resumption occurs if the compound is removed after 4 h. Interestingly, similar reversible eects are also induced by the casein kinase II (CKII) inhibitor, 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole. Upon short-term treatment also, both compounds signi®cantly, but reversibly, reduce the level of 45S precursor ribosomal RNA. Cells exposed to the two types of protein kinase inhibitors for longer times keep exhibiting altered nucleolar and wt p53 features, yet they strikingly dierentiate in that most roscovitine-treated cells fail to ever accumulate high levels of p21 WAF1/CIP1 in contrast with DRB-treated ones. In both cases, however, the cells eventually fall into an irreversible state and die. Moreover, we found that constitutive overexpression of p21 WAF1/CIP1 alters the nucleolar unravelling process in the presence of DRB, but not of roscovitine, suggesting a role for this physiological Cdk inhibitor in the regulation of nucleolar function. Our data also support the notion that both roscovitine-and DRB-sensitive protein kinases, probably including Cdk2 and CKII, via their dual
Introduction
The human Cdk2 serine/threonine protein kinase, which belongs to a family of Cdc2-related kinases (Meyerson et al., 1992) , is capable of complementing cdc2/CDC28 mutations in yeasts and is a homolog of Xenopus Eg1 (Paris et al., 1991; Elledge and Spottswood, 1991; Ninomoya-Tsuji et al., 1991) . Its kinase activity emerges in mid G1 and is the highest in S phase and G2 cells. The activation of the cyclin E/ Cdk2 complex contributes for the major part to the early-appearing Cdk2 activity (Dulic et al., 1992; Ko et al., 1992; Pagano et al., 1993; Tsai et al., 1993) and that of the cyclin A/Cdk2 complex accounts for most of the S and G2 phase activities (Tsai et al., 1991 (Tsai et al., , 1993 Elledge et al., 1992; Rosenblatt et al., 1992; Pagano et al., 1993) . D-type cyclins may also be able to form quaternary complexes with Cdk2, p21
WAF1/CIP1
and repair factor PCNA (Xiong et al., 1992) . In addition to its assembly with speci®c cyclin subunits, the full activation of Cdk2 requires phosphorylation of residue Thr160 by the Cdk-activating kinase, Cak, which increases its electrophoretic mobility on polyacrylamide gels . Inhibition of Cdk2, on the other hand, can be achieved through phosphorylations of residues Tyr15 and, at a lesser extent, Thr14, that do not aect its electrophoretic mobility and can be eliminated by Cdc25A protein phosphatase (Blomberg and Homann, 1999; Vigo et al., 1999) .
The Cdk2 kinase activity has been demonstrated to be indispensable for the G1/S transition and to be involved in controlling the duration of G1 phase and cell size (Girard et al., 1991; Pagano et al., 1992 Pagano et al., , 1993 Zindy et al., 1992; Tsai et al., 1993; Ohtsubo and Roberts, 1993; van den Heuvel and Harlow, 1993; Resnitzky et al., 1994; Wimmel et al., 1994; Ohtsubo et al., 1995; Resnitzky and Reed, 1995) . Moreover, the intriguing possibility was recently raised that the Cdk2 kinase activity might also be devoted to the control of general functions such as nucleocytoplasmic transport and ribosome production (David-Pfeuty, 1999) . These hypotheses ensued from the observations that two potent and speci®c chemical inhibitors of the Cdk2 kinase activity, roscovitine and olomoucine (Vesely et al., 1994; Meijer, 1996; De Azevedo et al., 1997; Meijer et al., 1997) , induce a strong nuclear accumulation of wt p53 and a nucleolar fragmentation in human untransformed IMR-90, and tumor-derived, MCF-7 cells. A concomitant report indicated that nuclear retention of wt p53 could result from the masking of its nuclear export signal (NES) through oligomerization . Direct phosphorylation of wt p53 at its presumptive phosphorylation site for Cdks within its C-terminal tetramerization domain (Ser315; Prives, 1998) could then possibly participate in the regulation of the nuclear tracking of wt p53 during the cell cycle and explain why the nuclear level of wt p53 in MCF-7 cells is the highest in post-mitotic, early G1 cells before the appearance of active cyclin E/Cdk2 complexes and decreases afterwards. It is also worthy of note that the transcription of ribosomal genes, the ®rst step in ribosome biogenesis which relies on proper nucleolar function, has been reported recently to depend on decreased activity of mitotic cyclin/Cdk complexes at the exit of mitosis (Sirri et al., 2000) and, during G1 phase progression, on phosphorylation of residue Ser484 in the ribosomal gene transcription factor, UBF, by G1-speci®c cyclin/Cdk complexes (Voit et al., 1999) .
The restriction (R) point de®nes a limiting position in G1 phase beyond which cells become committed to the cell cycle independently of nutrients, exogenous signals and protein synthesis (Pardee, 1974 (Pardee, , 1989 Rossow et al., 1979) . The retinoblastoma protein (Rb) is likely to be an essential component of the Rpoint together with the G1 cyclin/Cdk complexes. In cells which express a functional Rb, continual mitogenic stimulation is needed to trigger partial phosphorylation of Rb by D-type cyclin/Cdk4,6 complexes. Irreversible transit through the R-point requires further phosphorylation of Rb by the cyclin E/Cdk2 complexes, whose activation depends upon the earlier Rb phosphorylation by the cyclin D/Cdk4/6 complexes (Lundberg and Weinberg, 1998; Harbour et al., 1999) . The activity of the cyclin/Cdk complexes is subjected in addition to negative control by several families of cyclin-dependent kinase inhibitor (CKI) (for review, see Sherr and Roberts, 1999; Vidal and Ko, 2000) . Of special interest among these CKIs is p21
, the product of a target gene of the wt p53 tumor suppressor protein (Harper et al., 1993; El-Deiry et al., 1993) , which regulates negatively the activity of the cyclin E/Cdk2 complexes while being required for assembling the cyclin D/Cdk ones (LaBaer et al., 1997; Cheng et al., 1999) . Thence, p21 would provide a link between the p53 and Rb pathways, the most evident task of which should be to delay or prohibit entry in the cell cycle in the presence of wt p53-activating stress signals. On the other hand, because the requirements for cell growth and for cell cycle commitment are identical in normal cells, the pathways which regulate these two types of events are also expected to be coordinated in G1 phase. The balance between the two processes might be ensured by regulatory devices that are able to exert dual eects on both ribosomal production (hence, on growth rate) and cell cycle commitment, like possibly the cyclin E/Cdk2 complexes as suggested from our preceding work (DavidPfeuty, 1999) . The primary aim of this investigation was then to test whether the Cdk2 inhibitors were able indeed to alter ribosome biogenesis at one particular stage.
DRB is a potent and speci®c inhibitor of casein kinase II, previously known for its capacities (i) to unravel nucleoli into necklace-like structures in a variety of cells (Granick, 1975a,b; Sheer et al., 1984; Haaf and Ward, 1996; Le Panse et al., 1999) and (ii) to inhibit at an early stage the elongation of mRNAs by RNA Pol II (Reines et al., 1996) . In this report, we demonstrate that the initial response of MCF-7 cells to roscovitine and to DRB is the same inasmuch as both protein kinase inhibitors induce with a similar timing and in a reversible way a strong nuclear accumulation of wt p53 and a nucleolar unravelling accompanied by a signi®cant reduction in the level of 45S precursor ribosomal RNA. In a longer term, however, the cellular response to both protein kinase inhibitors shifts towards an irreversible mode and the cells eventually die. Unexpectedly also, we uncovered that constitutive overexpression of p21 alters the DRB-but not the roscovitine-induced nucleolar unravelling process, which suggests a previously ignored activity for p21 that would be to regulate nucleolar integrity. Altogether, our data point to roscovitine-and DRBsensitive protein kinases, probably including the Cdk2 kinase and casein kinase II (CKII), as important elements of a device that would function to coordinate cell growth with cell division.
Results
Short-term treatment of MCF-7 cells with roscovitine or DRB induces nuclear accumulation of wt p53 and nucleolar unravelling and reduces the level of 45S pre-rRNA
In asynchronous MCF-7 cell populations, the highest nuclear levels of wt p53 are found in G1 phase. Yet, exposure to the DNA-damaging agent, mitomycin C, and to the Cdk inhibitors, roscovitine and olomoucine, results in a cell cycle-independent upregulation of nuclear wt p53, accompanied in the latter case by a nucleolar fragmentation (David-Pfeuty, 1999) .
The adenosine analog, DRB, is a highly speci®c inhibitor of casein kinase II, known also for its capacity to reversibly unravel compact nucleoli into necklace-like structures. A 4 h-treatment of unsynchronized MCF-7 cells with 60 mM DRB does not only alter the nucleolar organization in a way similar to 30 mM roscovitine, but, it also provokes a strong nuclear accumulation of wt p53 in almost all interphase cells (495%) whatever their cell cycle status. At this early time, the cell cycle distribution remains unaltered, the level of expression of p21 is still low and equivalent to that detected in untreated cells (Figure 1 ,`4 h-Ro30' and`4 h-DRB60' rows) and no signi®cant cell death is observed.
Upstream binding factor (UBF) is an essential component of the rDNA transcription machinery which concentrates inside small beads clustered in the most central part of the nucleoli during interphase (Roussel et al., 1993; arrows, Figure 2 ,`row C'). DRB treatment unravels this organization and induces the formation of a necklace still decorated with UBF beads (Le Panse et al., 1999) . Immunolabeling with anti-UBF autoantibodies and simultaneous visualization by phase contrast microscopy pointed out that both nucleolar organization and the UBF pattern are very similarly disrupted after a 4 h-treatment with either roscovitine or DRB (Figure 2 , compare`4 h-Ro30' and`4 h-DRB60' rows). Expectedly also, nucleolin rapidly delocalizes from the nucleolar area in the presence of DRB (not shown) like in the presence of the Cdk inhibitors (David-Pfeuty, 1999) .
Northern blot analysis (Figure 3 ), was performed in parallel to identify the full-length 47S precursor ribosomal RNA (pre-rRNA) transcripts and the prerRNAs corresponding to the ®rst processing cleavages after a 4 h-treatment of MCF-7 cells with roscovitine and DRB. The 5' ETS core rDNA probe used corresponds to a SalI ± SalI fragment of human rDNA (nucleotide+693/+2921) and reveals the unprocessed 47S pre-rRNA and the partially processed 46S, 45S and 30S pre-rRNAs containing this 5' ETS sequence (Hadjiolova et al., 1993) . By comparison with the equivalent signals detected in control MCF-7 cells (Figure 3 , lane a'), the signal corresponding to the 45S pre-rRNA is missing in roscovitine-and DRB-treated cells (Figure 3, lanes b' and d') and that corresponding to the cleavage of the 45S pre-rRNA into 30S is greatly reduced (Figure 3 arrow, lanes b' and d'). Noticeably however, the 47S and 46S pre-rRNAs are still present after drug treatment, indicating that transcription is preserved (Figure 3 , lanes b' and c', bar 47 ± 45S). These results clearly demonstrate that a 4 h-treatment of MCF-7 cells with roscovitine or DRB provokes a large decrease in the amount of 45S pre-rRNA which re¯ects an alteration in the pre-rRNA processing and, consequently, in the production of mature rRNAs. The early effects triggered by DRB-and roscovitine-treatment in MCF-7 cells are reversible Immuno¯uorescence observations The nucleolar fragmentation induced by a 6 h-DRB treatment of PtK1 cells is readily reversible, with more than 90% recovery arising in 3 h (Le Panse et al., 1999) . Such a reversion phenomenon occurs as well in the MCF-7 cells and following roscovitine treatment and it aects also the nuclear stockpiling of wt p53. Whatever the disruptive agent used, the restoration of normal nucleolar and wt p53-related features went o according to a precise schedule, as depicted in Figures 4 and 5, after release from a 4 h-roscovitine treatment: (i) 1 h after drug release, nucleoli in which UBF beads ( Figure 5 , row 1 h-R) have resumed a quasi-normal distribution, have reappeared; yet, a majority of cells (*90%) still exhibit high nuclear concentrations of wt p53 but little of p21 ( Figure 4 , row 1 h-R). (ii) A strong nuclear induction of p21 takes place 1 ± 4 h after removal of roscovitine (the ratio of p21-positive cells is 560% after 2 h and 580% after 4 h), while the wt p53 expression vanishes (the ratio of nuclear wt p53-positive cells is 440% after 2 h and 15 ± 20% after 4 h; Figure 4 , rows 2 ± 4 h-R). For comparison, neither the nucleolar nor the wt p53 patterns signi®cantly evolve between 4 ± 8 h of treatment with either compound; yet, the fraction of p21-positive cells raises in DRB-treated cell populations (up to 460%), but barely in roscovitine-treated ones. (iii) 16 h after drug release, the nucleolar organization and the UBF, wt p53 and p21 patterns of expression have resumed a normal appearance (Figures 4 and 5, rows 16 h-R); nevertheless, one detects at that time a signi®cantly higher ratio of G1 cells after roscovitine-and DRB-treatments (G1/S/G2-M *64/28/8 and *55/37/8, respectively) than in controls (G1/S/G2-M *41/49/10). (iv) After 48 h, the G1/S/G2-M ratio has returned to standard values and cell growth is fully restored. Therefore, the short-term treatment with both protein kinase inhibitors impinges in a middle term on the length and extent of p21 induction and on the rate of G1/S transit though its eects on nucleolar organization and on wt p53 nuclear accumulation are rapidly reversed. Such a recovery Figure 3 Northern blot analysis of pre-rRNAs present in MCF-7 cells treated with either 30 mM roscovitine or 60 mM DRB for 4 h and then released for 4 h. RNAs were extracted from control, roscovitine-and DRB-treated MCF-7 cells and hybridized with a 32 P-labeled 5'-ETS rDNA probe recognizing speci®cally the 47 ± 45S and 30S pre-rRNAs. The RNAs from 8610 5 cells were analysed by Northern blot (lanes a' ± e'). Lanes a ± e show the RNA patterns detected by ethidium bromide staining. A 4 htreatment with either 30 mM roscovitine or 60 mM DRB strongly, but reversibly, reduces the level of 45S and 30S pre-rRNAs present in MCF-7 cells Figure 4 Double immunolabeling with mAb anti-p53 and rabbit anti-p21 antibodies of asynchronous MCF-7 cells treated with 30 mM roscovitine (Ro30) for 4 h and then released for the time indicated and phase contrast image (C Ph). Nucleolar restructuration, as seen in phase contrast, occurs very rapidly and precedes downregulation of nuclear wt p53 and nuclear induction of p21 after release from a 4 h-roscovitine treatment. The latter persists well after wt p53 has disappeared, but, eventually has returned to normal, 16 h after withdrawal of roscovitine process, however, gets slower as the length of treatment increases and a majority of cells still stand around the G1/S border with very high nuclear levels of p21, though little of wt p53, 48 h after release from a 8 h treatment with either protein kinase inhibitor (T David-Pfeuty, Y Nouvian-Dooghe and D Pfeuty, unpublished data).
Roscovitine and olomoucine have been shown (David-Pfeuty, 1999) to induce exactly the same initial eects, with respect to wt p53 nuclear accumulation and nucleolar fragmentation, in MCF-7 cells and in untransformed IMR-90 human ®broblasts. Expectedly, the full set of eects was fully reversible in the IMR-90 cells as well as reversibly inducible too by DRB (data not shown). Interestingly, roscovitine and DRB induce a reversible nucleolar unravelling in MCF-7/E6 and in HeLa cells in the absence of any concomitant eects on wt p53 which is downregulated in these cells by the E6 oncoprotein of human papillomavirus 16 (Schener et al., 1990 ; data not shown).
Western blot analysis ( Figure 6A ) Immunoblotting experiments corroborated the preceding immuno¯uor-escence data, pointing out that: (i) 4 h after treatment of asynchronous MCF-7 cells with either 30 mM roscovitine or 60 mM DRB, the level of wt p53 expression has raised more than 10-fold whereas that of p21 remains unchanged; (ii) 4 h after removal of the drugs, the wt p53 level has already returned to the base line whereas that of p21 is enhanced by a factor 3 to 4 and (iii) 16 h after drug withdrawal, the intensity of both the wt p53 and p21 bands is back to that seen in untreated cells. Noticeably, the Cdk2 pattern remains roughly the same all along the course of the experiment (not shown); in particular, the fast-migrating, potentially active Cdk2 component is still present after 4 hroscovitine treatment, which is consistent with the fact that roscovitine would inhibit the Cdk2 activity by interfering with ATP binding and not through preventing its activation by Cak nor though altering its expression level. (Ro30) for 4 h and then released for the time indicated and phase contrast image (C Ph). Nucleolar restructuration after release from a 4 h-roscovitine treatment is associated with a redistribution of the UBF beads inside the newly reassembled nucleoli Figure 6 Western blot analysis of the expression of wt p53, p21, Rb, cyclin E (CyE) and Cdk2 under various conditions. (A) Reversibility experiment. Relative quantities of wt p53 and p21 in MCF-7 cell extracts under the conditions indicated above the ®gure, C, untreated; 4 h-treatment with either roscovitine (Ro) or DRB; 4 h-treatment with either roscovitine (Ro) or DRB plus 4 h or 16 h after washing away the compounds; 14 h-treatment with either roscovitine (Ro) or DRB. (B) Relative quantities of wt p53 and p21 in control MCF-7 and in two dierent p21-overexpresser clones (#7 and 23). (C), Relative level of expression of wt p53, p21, Rb, cyclin E and Cdk2 in asynchronous (As) MCF-7 cells and in MCF-7 cells released from a nocodazole block, right (Noc) or 14 h after washing away the microtubule inhibitor in the presence of either 30 mM roscovitine (Ro) or 60 mM DRB or 8 mg/ ml mitomycin C (Mito) or nothing (7). (C'), G1/S/G2-M distribution under the same experimental conditions as in the (C) panel, determined by¯ow cytometry analysis. The x-and yaxis indicate the relative propidium iodide¯uorescence (proportional to the DNA content) and the cell number, respectively
Northern blot analysis (Figure 3) A reversion of the blockade of the 45S pre-rRNA production was also demonstrated 4 h after removal of the drugs, at which time a strong 45S pre-RNA signal is clearly visible besides the 47 ± 46S ones (Figure 3 , lanes c' and e'), in contrast to what is observed in treated cells (Figure 3,  lanes b' and d') . Consistently, the 30S pre-rRNA is also detected, indicating that normal maturation is restored. Remarkably, the intensity of the signals corresponding to the 47 ± 45S and 30S pre-rRNAs and generated after recovery (Figure 3 , lanes c' and e') is at least equal to that of those detected in control MCF-7 cells (Figure 3 , lane a').
Long-term response of asynchronous MCF-7 cells to DRB-and roscovitine-treatment Intriguingly, after a 14 h-treatment with 60 mM DRB, MCF-7 cells presented the same features as those treated for 4 h with either roscovitine or DRB and then released for 2 ± 4 h ( Figure 5 , row 2 ± 4 h-R). This recovery process however concerns only *70% of the cell population because the remaining 30% cells are obviously dead according to the Trypan blue exclusion assay. A majority (*65%) of the surviving cells reside in G1 phase. Yet, replacing the medium after 7 h (Figures 1 and 2 , (7+7 h)-DRB60 rows) prevented the restoration of normal nucleolar and wt p53 features (Figures 1 and 2 , rows (7+7 h)-DRB60) but did not accelerate the rate of cell death. These data suggest a fast metabolization of DRB in MCF-7 cells and also indicate that the DRB treatment would preferentially kill MCF-7 cells in S phase. Indeed, MCF-7 cells released from a G1/S block die 6 ± 7 times faster than those released from a mitotic block (*60% vs *10%, by 14 h) in the presence of 60 mM DRB.
Although they also die somewhat faster in S phase than in G1 phase (*40% vs *15%, by 14 ± 16 h), roscovitine-treated MCF-7 cells develop with time certain features that distinguish them from DRBtreated ones (Figures 1 and 2 , rows 14 h ± Ro30): most strikingly, no more than 25% of them accumulate high nuclear levels of p21 (vs 480% of the DRB-treated cells; Figures 1 and 6A ) and the punctate anti-UBF immunostaining normally associated with nucleolar necklaces more or less fades out from some still apparently live, wt p53-positive cells (Figure 2 ). These results suggest that 30 mM roscovitine exerts more secondary eects than 60 mM DRB upon prolonged time of exposure, eventually impairing the wt p53-mediated induction of p21 and reducing the steady state level of UBF.
Constitutive overexpression of p21
WAF1/CIP1 alters the nucleolar unravelling process induced by DRB-, but not by roscovitine-treatment in MCF-7 cells
P21
WAF1/CIP1 overexpression has been shown to interfere with both the G1/S and the G2/M transitions (Niculescu et al., 1998) supposedly because of its ability to associate with and inhibit the cyclin E/Cdk2 and cyclin A/Cdk2 complexes, respectively. If the nucleolar fragmentation induced by the Cdk inhibitors was resulting directly from a loss of activity of these complexes, this event should in principle be triggered as well by an enforced overexpression of p21. To test this possibility, MCF-7 cells were cotransfected with the pUHD10-3 plasmid containing the full-length p21 cDNA and a hygromycin resistance plasmid. A few clones were selected that express 5 ± 6-fold more p21 than the original cells, but, equivalent wt p53 levels ( Figure 6B ). As compared to control MCF-7 cells, they grow somewhat slower (generation time: *30 h vs *24 h) and they exhibit higher ratios of G1 and G2/M cells (G1/S/G2-M *53/32/15 vs *41/49/10). They are also enriched in enlarged, often p21-positive, hyperploõÈ d cells that are readily detected by microscopic observation (large arrows, Figure 7 ) but, hardly, bȳ ow cytometry because of their low frequency (55%). Double immunolabeling of control MCF-7 cells with anti-p21 antibodies and anti-BrdUrd or anti-cyclin B1 antibodies detects p21 in the nuclei of a small fraction of G1 cells but, rarely in those of S phase and G2 cells (not shown). In the p21-overexpresser clones, the increased level of p21 clearly results from an accumulation of the protein predominantly in cyclin B1-negative, G1 cells and, more frequently than in Figure 7 Double immunolabeling of asynchronous p21-overexpresser MCF-7 cells (clones #7 and 23) with rabbit anti-p21 antibodies and mAb anti-p53 or human autoimmune anti-UBF antibodies and phase contrast image (C Ph). The structuration of the nucleoli, as seen in phase contrast, does not depend on the degree of nuclear stockpiling of p21 which strongly¯uctuates from one cell to another. Neither do generally the UBF patterns, although the staining of the UBF beads appears sometimes less intense in cells that strongly overexpress p21 (long arrows)
Regulation of wt p53 and nucleolar functions by protein kinases T David-Pfeuty et al controls, in presumptive G2 cells that display the highest rate of cytoplasmic anti-cyclin B1 immunostaining (not shown). These results are consistent with a previous report that the p21 mRNA level is maximal in G1 and G2 phases and largely repressed during S phase in normal human ®broblasts (Li et al., 1994) . Obviously, the structuration of the nucleoli, as seen in phase contrast, does not seem to depend on the degree of nuclear stockpiling of p21, which strongly¯uctuates from one cell to another (Figure 7) . Neither do generally the UBF patterns although the staining of the UBF beads appears sometimes less intense in cells that drastically overexpress p21 (long arrows, Figure  7 ). The failure of the nucleoli to fragment in the presence of high levels of p21 might re¯ect an inadequate inhibition of Cdk2 in the p21-overexpresser cells which still build up the fast-migrating, active form of Cdk2 (not shown) ± as expected since they keep cycling. In that case, however, p21 overexpression should be able to act in synergy with DRB or roscovitine to induce nucleolar fragmentation. This does not happen since exposure of control and p21-overexpresser MCF-7 cells to 30 mM DRB or 15 mM roscovitine leads to a partial nucleolar disorganization that is not more extensive in cells that collect the most p21 (not shown).
Alternatively, excess p21 could function to protect the nucleoli from their possible destructuration, for instance, owing to its capacity to interact with and activate other G1 cyclin-dependent Cdks (Cheng et al., 1999) that would counteract the eect of inactivating casein kinase II or the cyclin/Cdk2 complexes. In contrast with the previous scenario, this one predicts that p21 overexpression would interfere with the nucleolar unravelling induced by 60 mM DRB or 30 mM roscovitine. As it is depicted in Figure 8 , this indeed is what happens in the presence of DRB, but not of roscovitine. A majority of p21-overexpresser cells still exhibit apparently normal nucleoli (large arrows) in which UBF-decorated beads are clustered after a 4 h treatment with 60 mM DRB (thin arrows). A few ones, however, in which the anti-p21 immunostaining is particularly intense and the nucleoli, quite large and contrasted, fail to display the typical anti-UBF immunolabeling (arrowheads). Oppositely, a 4 h-treatment with 30 mM roscovitine triggers a nucleolar disorganization in p21-overexpresser cells as dramatic as in p21-negative MCF-7 cells. Yet, as occurs in the presence of DRB, the punctate anti-UBF immunostaining tends to vanish from cells that accumulate the most p21 (large arrows).
Similar and differential effects of roscovitine, DRB and mitomycin C on parameters of G1 phase progression and of G1/S transit in MCF-7 cells
The nuclei of G1-synchronized MCF-7 cells (4 h after release from a nocodazole block) are still free of cyclin E when they already display high levels of wt p53 (David-Pfeuty, 1999). The G1/S/G2-M distribution then is *77/10/9. 14 h later, a wave of entry in S phase has occurred (G1/S/G2-M *55/40/4), the ratio of cyclin E-positive cells has risen above 50% and that of nuclear wt p53-positive cells has drastically dropped (from *70% down to *15%). Yet, the rate of p21-positive, G1 cells is much higher than in asynchronous populations (*50% vs *15%). This lagged and longlasting p21 induction, which follows the transient induction of wt p53 arising after release from the mitotic block, is reminiscent of that observed after release from a short-term treatment with either roscovitine or DRB.
Expectedly, conjugated¯ow cytometry analysis and immuno¯uorescence microscopy indicated that G1-synchronized MCF-7 cells exposed to either 30 mM roscovitine (14 h) or 60 mM DRB (7+7 h) fail to enter S phase (G1/S/G2-M *79/10/7 and *71/5/14, respectively) and keep stockpiling wt p53 in their nuclei. A number of cell cycle parameters were analysed by Nucleolar fragmentation induced in the presence of 60 mM DRB is prevented in a majority of p21-overexpresser MCF-7 cells (thick arrows). Consistently, the UBF pattern also remains normal in these conditions (thin arrows), except in some p21-overexpresser cells in which the UBF immunostaining almost totally disappears (arrowheads). (Lower panel). p21 overexpression does not protect from nucleolar fragmentation in the presence of 30 mM roscovitine Western blot 14 h after release from a mitotic block in the presence of either 30 mM roscovitine or 60 mM DRB or 8 mg/ml mitomycin C, which also prevents accumulation of MCF-7 cells in S phase (G1/S/G2-M *80/10/ 5; David-Pfeuty, 1999). As displayed in Figure 6C : (i) postmitotic MCF-7 cells apparently accumulate normally hyperphosphorylated Rb, whatever the blocking agent used; (ii) yet, only postmitotic cells exposed to mitomycin C seem to progress unchecked throughout G1 phase and build up normal levels of cyclin E and of the fast-migrating, active form of Cdk2; (iii) strikingly also, only roscovitine-treated G1 cells fail to collect signi®cant levels of p21, as observed in asynchronous cell populations. Figure 9 integrates the information and hypothesis collected from this study inside a scheme which includes the well-known wt p53 and E2F pathways and a nucleolar box referring to the many solidly supported or arguably suspected functions of the nucleolus (for review, see Olson et al., 2000) . The model highlights the central role played by the cyclin E/Cdk2 complex as a common upstream regulator of the wt p53 and E2F pathways and of nucleolar activities that are involved in inducing cell cycle arrest (either under stress or cell dierentiation conditions; for review see, Choi and Donehower, 1999), S phase entry and cell growth, respectively.
Discussion

Reversible induction of wt p53 nuclear accumulation and of nucleolar fragmentation by short-term treatment of MCF-7 cells with cyclin dependent kinase 2 and casein kinase II inhibitors
The physiological role of the wt p53 tumor suppressor protein has long been thought that exclusively to protect cells against genotoxic damage which stimulates its nuclear accumulation and transcriptional activation function that eventually switches on pathways leading either to cell cycle arrest or apoptosis (for review, see Levine, 1997; Giaccia and Kastan, 1998; May and May, 1999; Prives and Hall, 1999) . It has been recognized only recently that wt p53 could also be activated and initiate these pathways in response to other types of signals, like hypoxia (Graeber et al., 1996) , oncogenes (via the Arf protein; for review see Sharpless and DePinho, 1999) and depletion of ribonucleotide triphosphates (Linke et al., 1996) . In the latter case, the possibility that the p53-dependent G1 arrest induced was a secondary eect resulting from the generation of DNA strand breaks could be eliminated because it was highly reversible, in striking contrast with that following DNA damage (Di Leonardo et al., 1994; Linke et al., 1997) .
Our present data extend these ®ndings in showing that a short-term treatment of human breast carcinoma MCF-7 cells (p53+/Rb+/Arf-; Stott et al., 1998) and non-immortalized IMR-90 ®broblasts (data not shown) with 30 mM roscovitine or 60 mM 5,6-dichloro-1-b-Dribofuranosylbenzimidazole (DRB) induces a massive nuclear accumulation of wt p53 that is readily reversible upon removal of these protein kinase inhibitors. Most importantly here, the wt p53 response is coupled with reversible nucleolar fragmentation and blockade of 45S pre-rRNA production. These results Figure 9 The cyclin E-Cdk2 connection. Schematic representation integrating the data gained from this work inside a hypothetical framework in which the cyclin E/Cdk2 complex appears as a common upstream regulator of three distinct pathways involved in inducing cell cycle arrest, S phase entry and cell growth whose major eectors are wt p53(I), E2F (II) and nucleolar activities (III), respectively. Note that pathway I is negatively regulated and pathways II and III, positively regulated by the active complex. (Continuous dark lines and arrows refer to information gained from the present work as well as to information already ®rmly established in the literature and dashed ones, to speculative information regarding the nucleolar activities). Under normal, unrestricted growth conditions, the coordinated function of the three pathways leads to irreversible R-point transit and cell division. Under restricting growth conditions that would aect the activity of the complex, the simultaneous and well-adjusted activation of pathway I and inactivation of pathways II and III is capable of driving the cells back into the reversible state of quiescence below the R-point. Therefore, compounds (like DRB and roscovitine) or, by extension, signals that would impinge directly on the complex formation and/or activity should be very eective at controlling reversibly G1 phase progression before the R-point. In contrast, stimuli that would aect selectively one pathway downstream of the complex might be able to create an imbalance between the three pathways, allowing escape from socially-regulated cell reproduction. Thus, bypassing pathway (I), for instance through a loss of the p53 function, might allow for uncontrollable cell proliferation and possible tumor growth. Deregulation of this pathway, however, might instead trigger apoptosis by allowing transit through the R-point in the presence of activated wt p53 that would be deleterious in S phase. This is apparently what occurs in postmitotic MCF-7 cells treated with the DNA damaging drug, mitomycin C, which progress through G1 phase and eventually die as they reach S phase, in spite of the fact that they accumulate high nuclear levels of wt p53 and p21 (DavidPfeuty, 1999) are of signi®cance since they suggest that roscovitineand DRB-sensitive protein kinases, probably including Cdk2 and casein kinase II (CKII), via their dual implication in the regulation of both ribosomal production and the p53-Rb pathway, are part of a device which functions to coordinate cell growth with cell division (see Figure 9) .
Nuclear accumulation of wt p53 is restricted to G1 phase in a number of normal ®broblastic and epithelial cells and in wt p53-expressor tumor-derived MCF-7 cells (Shaulsky et al., 1990; Takahashi and Suzuki, 1994; David-Pfeuty et al., 1996) . Such a cell cycle restraint, however, is abolished upon exposure to most wt p53-activating, stress signals (for review, see Jimenez et al., 1999) . In this matter, the CKII inhibitor, DRB (this work), the Cdk inhibitors, roscovitine and olomoucine, and the DNA-alkylating compound, mitomycin C (David-Pfeuty, 1999), all disrupt the cell cycle-dependent regulation of wt p53 nuclear accumulation in MCF-7 and IMR-90 cells. Previous biochemical and physiological studies suggest that the most likely in vivo targets of roscovitine and olomoucine are the Cdk1 and Cdk2 kinases, whose inhibition results in G2/M and G1/S arrest, respectively (Vesely et al., 1994; Meijer et al., 1997) . It is worth recalling here that a transient wt p53 nuclear accumulation, followed by a lagged and long-lasting p21 induction and preceding appearance of the cyclin E/Cdk2 complexes and re-entry in the cell cycle, readily occurs in postmitotic MCF-7 cells after release from a nocodazole block (David-Pfeuty, 1999, and this work) . This supports the proposal that the roscovitinesensitive kinase involved in reversibly controlling the nuclear levels of wt p53 and nucleolar reassembly, is cyclin E/Cdk2. The further observation that postmitotic cells exposed either to roscovitine or to DRB keep building up wt p53 in their nuclei and do not signi®cantly accumulate cyclin E nor the active Cdk2 component, indicates that both compounds compromise accumulation of the cyclin E/Cdk2 complexes. This, however, could be achieved by dierent means, for instance by impairing accumulation of cyclin E mRNAs in the case of DRB which has been reported to inhibit elongation of mRNAs by RNA Pol II (Reines et al., 1996) and by preventing disruption of the E2F-inactivating Rb-E2F complexes in the case of roscovitine (Harbour et al., 1999) . The fact that Rb still becomes phosphorylated under these conditions suggests that the ®rst step in the inactivation of Rb, that would be completed by the cyclin D/Cdk4,6 complexes, is not altered in the presence of either roscovitine or DRB.
From reversible to irreversible wt p53-mediated cellular responses
May be the most puzzling question that it tied to wt p53 is how a large diversity of input signals can provoke its induction and activation in an apparently very similar way ± involving sequentially its nuclear accumulation, increased DNA binding as a tetramer and activation as a transcriptional factor ± and subsequently lead to eects as opposite as reversible cell cycle arrest and irreversible ones such as senescence and apoptosis. It has been speculated that attenuation mechanisms would exist to reverse the wt p53 function upon removal of some types of stress and to allow recovery . Stresses that would make these attenuation mechanisms inoperative would trigger an irreversible response. Because wt p53 exerts its transactivation function in the nucleus, its rapid nuclear exclusion would clearly be the most ecient means to arrest its function. Thus, the switch from a reversible to an irreversible mode of wt p53-mediated response might be expected to rely on a proper tuning of its nuclear export.
Incidentally, a functional leucine-rich nuclear export signal (NES) has recently been detected in wt p53, which locates within its C-terminal tetramerization domain and might be regulated by phosphorylation of neighbouring residues. Potential regulatory phosphorylation sites include in fact serine 315, phosphorylated in vitro by Cdk1 and Cdk2, and serine 392, whose phosphorylation is in part attributable to CKII, besides serines 376 and 378 which are targets for phosphorylation by TFIIH and protein kinase C (PKC), respectively (for review, see Giaccia and Kastan, 1998; Jimenez et al., 1999; Meek 1999) . The mechanism through which roscovitine and DRB would activate the wt p53 function in a highly reversible way may involve their dual capacity in facilitating its tetramerization and preventing at the same time its nuclear export in one simple, easy to reverse, step, i.e., via prohibiting phosphorylations near its NES within its C-terminal tetramerization domain. Interestingly, nuclear accumulation of wt p53 following a 4 h-treatment with leptomycin B (a speci®c inhibitor of NES-dependent transport; Nishi et al., 1994) , which did not correlate with a signi®cant disorganisation of interphase nucleoli, was also found to be highly reversible (T David-Pfeuty, unpublished data).
By extension of our results, it can be predicted that any input signal that would impinge transiently on the activity of the roscovitine-and DRB-sensitive kinases designed to reversibly activate wt p53 would potentially be able to trigger a reversible response. At ®rst glance, the most obvious consequence of such a transitory signal would be to delay cell cycle progression. However, the recovery process becomes slower as the length of inhibitor treatment increases and the cells eventually die past 8 h of treatment. Therefore, the duration of wt p53-activating signals that mimic the action of roscovitine or DRB is a determining factor in the issue whether the cell response will be reversible or irreversible. In a long term, however, roscovitine-and DRB-treated MCF-7 cells do not develop exactly the same features; in particular, the former, but not the latter fail to accumulate high levels of p21. This could mean that MCF-7 cells can reach irreversible states via dierent pathways or that the two protein kinase inhibitors generate afterwards dierent secondary eects.
It is intriguing that DNA damage apparently produces exclusively irreversible wt p53 responses in in vitro assays. Remarkably also, it is the N-terminal domain of wt p53 that is preferentially targeted in vitro at many sites by a variety of protein kinases after dierent types of DNA damage (for review, see Jayaraman and . None of the DNA damage-inducible p53 phosphorylations, however, seem to be the attribute of one particular form of injury which, rather, gives rises to a speci®c pattern of phosphorylation re¯ecting the activation of a given set of protein kinases, the most signi®cant end result is to destablize the Mdm2-p53 interaction (for review, see Ashcroft and Vousden, 1999) . This information is of great importance because it might aord a straightforward explanation why inhibition of roscovitine-or DRB-sensitive kinases will induce a reversible wt p53 response and DNA damages, irreversible ones: a molecule that has been driven away from its ground state by a perturbation will certainly be able to return in it easier and, thence, more rapidly after removal of the perturbation if this perturbation is tied to a single and reversible structural modi®cation than if it is associated with many intricate ones. Interestingly, MCF-7 cells relieved from a 4 h-treatment with 8 mg/ ml mitomycin C never resume cell cycling and start dying after a few days after developing a phenotype of senescent cells (T David-Pfeuty, unpublished data). Yet, upon continued treatment with 8 mg/ml mitomycin C, post-mitotic MCF-7 cells progress normally through G1 phase, as evidenced by the fact that they build up cyclin E and the active Cdk2 component, and start dying as they reach S phase (David-Pfeuty, 1999) .
In summary, the wt p53 function appears to be activatable via two distinct pathways in MCF-7-like cells: one, induced by DNA damage, would depend on p53 modi®cations that would disrupt its interaction with the Mdm2 oncoprotein which is required to facilitate its nuclear export and to direct its degradation by the cytoplasmic proteasomes (for review, see Roth et al., 1998) ; in this setting, wt p53 upregulation would not interfere with G1 phase progression and would trigger irreversible eects; the other, induced by stimuli that would impinge on the Cdk2 kinase activity, would depend on the function of the p53 NES; through this pathway, wt p53 upregulation would potentially be able to trigger a reversible cell cycle arrest.
A possible role for p21 WAF1/CIP1 in the regulation of nucleolar structuration
Our overexpression experiments clearly demonstrate that excess p21 not only does not act in synergy with the chemical Cdk inhibitors to induce nucleolar fragmentation but, even alters the nucleolar unravelling process in the presence of DRB. A plausible interpretation would be that inhibition of Cdk2 by lack of ATP binding and by excess p21 has not the same in vivo impact: the former, which mimics the eects of the chemical Cdk inhibitors and should naturally occur under conditions of poor cellular metabolism, might be involved in moving cells into quiescence; the latter, that would arise when cells are already engaged in the cell cycle, would serve to brake and possibly halt transit in S phase in response to p21-activating, whether wt p53-dependent or -independent, signals. Up to date, p21 has been acknowledged to ful®ll two major roles in the cell cycle: (i) at low and medium concentrations, it promotes assembly and nuclear targeting of the cyclin D/Cdk4,6 complexes whose activity is needed for the G0/G1 transit in Rb-competent cells and (ii) at high concentrations, it leads to G1 arrest by preventing hyperphosphorylation of Rb (LaBaer et al., 1997; for review, see Gartel and Tyner, 1999; Sherr and Roberts, 1999) . That p21 could, on one hand, induce exit from quiescence and, on the other hand, arrest cells in G1, should not appear paradoxical given that p21 would exert these two duties at separate times in the cell cycle via two distinct pathways. The second one most likely involves its capacity of inhibiting the G1 cyclin/Cdk complexes in mid to late G1. Based on our present ®ndings, we would suggest that the ®rst one could depend on its apparent capability to stabilize the nucleolar organelles and, may be, to facilitate nucleolar assembly in postmitotic, early G1 cells.
Intriguingly, p21 is strongly induced in cells that are released from a mitotic block in the presence of DRB, but not of roscovitine. Moreover, excess p21 appears inecient at protecting MCF-7 cells from nucleolar fragmentation in the presence of the latter. These data provide a hint that the activity of a roscovitinesensitive kinase, Cdk2 itself or else, is absolutely required in G1 to preserve nucleolar integrity and to induce p21. Yet, both compounds compromise accumulation of the cyclin E/Cdk2 complexes in postmitotic cells. Current evidences, however, are that a basal cyclin E-associated kinase activity is ®rst required in early G1 phase to achieve full inactivation of Rb and allow release of E2F which in turn increases the level of cyclin E mRNAs and protein (for review, see Vidal and Ko, 2000) . One possibility, among others, is that this basal cyclin E-associated activity, that would be sensitive to roscovitine but not to DRB, might work at regulating the expression of p21 at an as yet undetermined level.
Irreversible commitment through the R-point is currently thought to result from the triggering of several positive feedback loops which concur to the activation of the cyclin E/Cdk2 complex that is absolutely required for the liberation of the E2F transcription factors. Yet, this only function of the complex does not explain everything since E2F overexpression is often not sucient to promote S phase entry which still requires active Cdk2 (for review, see Vidal and Ko, 2000) . According to our work, the presently missing pieces of the R-point might well be nucleolarly-located targets of the Cdk2 kinase (see Figure 9 ). It has been realized recently that the nucleolus is not only a factory for assembling ribosomes but that it would also function in nuclear export, subnuclear storage, control of aging, etc. (for review, see Olson et al., 2000) . Uncovering the nucleolar targets of the Cdk2 kinase and the resulting nucleolar activities besides that of building ribosomes that could contribute to the coupling of cell growth with cell division is clearly an open and stimulating new area of investigation.
Materials and methods
Cell lines: growth conditions, transfection and selection procedures, synchronization and chemicals Human immortalized breast carcinoma MCF-7 cells, epitheloõÈ d cervix carcinoma HeLa cells and normal diploõÈ d IMR-90 ®broblasts were grown in Dulbecco's modi®ed Eagle's medium supplemented with antibiotics and 10 ± 15% foetal calf serum and maintained in a 5% CO 2 humidi®ed atmosphere at 378C. MCF-7/E6 infected with the E6 oncoprotein of HPV 16 were kindly provided by Reuven Agami (the Netherlands Cancer Institute, Amsterdam, NL; Agami and Bernards, 2000) .
The human p21 WAF1/CIP1 cDNA containing the full-length coding region of p21 and cloned in the pUHD10-3 plasmid was a generous gift from Steve Reed (The Scripps Research Institute, La Jolla, CA, USA: Niculescu et al., 1998) . MCF-7 cells were cotransfected with the pUHD10-3 p21 plasmid (10 mg) and a hygromycin resistance plasmid (0.5 mg) by the Lipofectamine procedure as speci®ed by the manufacturer (GIBCO BRL). Clones were selected against 180 mg/ml hygromycin (Calbiochem) and screened for p21 expression by both Western blot and immuno¯uorescence.
Cell cycle synchronization in early G1 phase was achieved, as previously described (David-Pfeuty, 1999) , by ®rst incubating the cells in the presence of 0.05 mg/ml nocodazole for 18 h in order to obtain a G2/M arrest and then releasing the cells from the mitotic block. We noticed that adding 60 mM DRB or 8 mg/ml mitomycin C right after washing away extensively the nocodazole barely aected the rate of exit from the G2/M block and, 4 h after release in the presence of these compounds, the ratio of G1 cells could vary between 70 and 80%, the remaining cells concentrating mostly in late G2 and M phases, like in controls. In contrast, exit from the G2/M block was greatly impaired in the presence of 30 mM roscovitine. This is why, roscovitine was added only 3 h after release from the block. On the other hand, cell populations highly enriched in early S-phase cells (up to *90%) were obtained after incubation with 4 mg/ml of aphidicolin (an inhibitor of DNA polymerase a) for 16 h.
The chemical inhibitors of cyclin-dependent kinases, roscovitine and olomoucine were obtained either from Laurent Meijer (CNRS, Rosco, France) or from Calbiochem. Leptomycin B was kindly provided by Minoru Yoshida (University of Tokyo, Japan). The anti-mitotic drug, nocodazole, the DNA polymerase a inhibitor, aphidicolin, the DNA-alkylating agent, mitomycin C, and the casein kinase II inhibitor, 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole, were from Sigma.
Immunochemical and staining reagents
The mouse monoclonal antibody, NCL-DO7, which is highly speci®c for human wt p53 was obtained from Tebu (Le Perray-en-Yvelines, France). The human autoimmune sera which react speci®cally against UBF (A17 and B15) have been previously described (Roussel et al., 1993) . The rabbit polyclonal anti-nucleolin antibodies were kindly provided by GeÂ rard Joseph (Philippe Bouvet Laboratory, CNRS, Toulouse, France). The rabbit polyclonal anti-cyclin E (C-19, sc-198) and anti-p21 (C-19, sc-397) IgGs were from Tebu and the anti-Cdk2 polyclonal, raised against residues 287 ± 298 of human Cdk2, from Euromedex (Souelweyersheim, France). Mouse anti-human Rb monoclonals were from either Becton Dickinson (France) or Tebu. Pulse labeling of cells with 5-bromodeoxyuridine (BrdUrd) (Sigma) was performed to identify cells undergoing DNA replication by¯ow cytometry. Counterstaining of DNA in immuno¯uorescence was achieved using 4,6-diamidino-2-phenylindole (DAPI, 1 mg/ ml)¯uorescent dye (Sigma). The rat monoclonal anti-BrdUrd antibody (MAS 250b) was provided as a supernatant¯uid from a hybridoma cell line (Interchim, MontlucË on, France). Secondary antibodies (Interchim) were Fab fragments from goat or sheep IgGs conjugated either with¯uorescein isothiocyanate (FITC) or tetramethyl rhodamine isothiocyanate (TRITC).
Procedure for immunofluorescence
Single-, double-or triple-¯uorescence cell labeling is generally performed after ®xation with 3% paraformaldehyde and subsequent permeabilization by treatment with 0.1% Triton X-100 at room temperature. Immunolabelings with anticyclin E, anti-cyclin A and anti-cyclin B1 antibodies provide reliable tools to determine cell cycle position. Cyclin E is a G1-speci®c cyclin that reaches a maximal level of nuclear expression at the G1/S transition in a number of cultured cells (Ohtsubo et al., 1995) . As for cyclin A, it ®rst appears in the nucleus shortly prior to the onset of S phase and then steadily accumulates during progression through the S and G2 phases, reaching a maximal level in early prophase (Girard et al., 1991; Pagano et al., 1992; Zindy et al., 1992) . A cytoplasmic anti-cyclin B1 immunolabeling, on the other hand, does not start to emerge before the beginning of S phase; it then rises steeply in G2 phase and eventually relocates to the nucleus in early prophase . The DAPI staining allows the identi®cation of a particular mitotic stage starting from early prophase in which early chromosome condensation is re¯ected by the appearance of a characteristic punctate pattern. It is also peculiar in dying cells in which chromosomes aggregate in an erratic pattern. At last, phase contrast microscopy allows to recognize postmitotic cells (which typically exhibit a low degree of spreading and not yet fully expanded nuclei and remain connected through a visible midbody) as well as dying cells (which clearly display an aberrant morphology). This technique also permits the visualization of the level of organization of the nucleoli with some details. Fluorescence microscopy has been performed with a Leitz microscope equipped with a krypton/argon ion laser and a UV ®lter (which allowed the detection of DAPI, uorescein and rhodamine at respectively 350 nm, 492 nm and 550 nm) using a 406 oil objective. Photographs were taken with Kodak TMax 400 ®lm.
Northern blot analysis
For RNA analysis, total RNAs were isolated using the kit RNA now (Biogentex, Seabrook, TX, USA) from control, roscovitine-and DRB-treated MCF-7 cells and after treatment recovery. The RNAs were run in 0.75% agarose formaldehyde gels and transferred to a positively charged membrane (Boehringer Mannheim). The human 5'-ETS core rDNA probe (pB SS ; Wilson et al., 1982) corresponding to a SalI ± SalI fragment of human rDNA (nucleotide+693/ +2921) was labeled with [a 32 P]dCTP by nick translation (GIBCO BRL, Gaithersburg, MD, USA). The membrane was prehybridized for 5 h at 428C in buer containing 50% formamide, 56SSPE, 106Denhardt's solution, 0.1% SDS, and 50 mg/ml salmon sperm DNA (Maniatis et al., 1982) . Hybridization with the radio-labeled probe was carried out in the same buer for 24 h at 428C. After hybridization, the membrane was washed twice for 10 min each in 26 SSC and 0.1% SDS at 658C, and ®nally once for 5 min in 0.16 SSC and 0.1% SDS at 658C. The size of the RNAs was determined by comparison to an RNA ladder (GIBCO BRL). Autoradiography was performed with a PhosphorImager.
Immunoblotting experiments
Preparation of cellular extracts for immunoblotting are made in lysis buer containing 10 mM Tris-HCl (pH 7.2), 150 mM NaCl, 0.5% Sodium deoxycholate, 1% Triton X-100, 5 mM EDTA, 5 mM dithiothreitol (DTT), a mixture of chymostatin, leupeptin, antipapaõÈ n and pepstatin (2 mg/ml each), 100 kallikrein inactivator units of aprotinin and 1 mM Na 3 VO 4 . Protein separation is carried out by electrophoresis on SDS/ polyacrylamide gels (12.5% acrylamide/0.33% bisacrylamide) after boiling the samples for 3 min in 26SDS sample buer. The fractionated proteins are transferred to nitrocellulose at 600 mA for 3 h in cold room and, after blocking, the transfer membranes are incubated in the presence of the appropriate antibody solution overnight at 48C. After several washes, they are exposed to horseradish peroxidase-conjugated antibody and detection of the immune complex is performed using the Pierce ECL Western blotting SuperSignal system (Interchim).
Flow cytometry
Prior to detection of BrdUrd-labeled cells as described (Wilson et al., 1985) , the cells are pulse-labeled with 30 mM BrdUrd for 15 min, washed in PBS, trypsinized and collected by centrifugation. After ®xation with 75% ethanol at 7208C for 10 min, the nuclei are isolated following treatment with 0.5% pepsin in 0.1 N HCl for 20 min and cellular DNA is partially denatured with 2 N HCl for 20 min at 378C. After several washes, they are incubated at RT successively with rat anti-BrdUrd antibodies (1 h) and with FITC-conjugated goat anti-rat IgG secondary antibody (1/2 h). They are then washed twice in PBS and stained with 25 mg/ml propidium iodide (PI) for 30 min at RT. Data are collected using a FACScan¯ow cytometer (Becton Dickinson & Co., San Jose, CA, USA). The green¯uorescence associated to BrdUrdlabeled cells is measured at 520 nm and the red one of PI at 4620 nm. The G1/S/G2-M ratio is determined from the bivariate BrdUrd versus DNA content plots by counting the number of dots in the appropriate area de®ned after performing control experiments in which the incubation with BrdUrd has been omitted. Counting is made on 10 000 cells.
In routine experiments, the rate of cell death as a function of the time of exposure to the dierent compounds was estimated by the Trypan blue exclusion assay. At the desired time, the medium containing¯oating cells is recolted and the adhering cells are detached by trypsinization and collected with the¯oating ones. Cell viability is estimated after adding an equivalent volume of a 0.125% Trypan blue solution to an aliquot of the whole suspended cells and counting under the microscope the proportion of unstained versus total cells deposited in a hemacytometer. For each time point, an average value of cell viability is obtained from at least ®ve counts over dierent ®elds of *100 cells.
